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Abstract 10 
The optimal biogas system design model (OBSDM) described in this paper is intended to be used as a 11 
decision-making tool to increase awareness of the potential of biogas technology for different 12 
applications in Sub-Saharan Africa (SSA). The decision-making tool identifies the most suitable 13 
biodigester design based on user defined inputs, including energy and fertiliser requirements; 14 
feedstock (type, amount, and rate of supply); water supply; land use (area, soil type, ground water 15 
level); climate (temperature and rainfall); construction materials available locally; and the priorities 16 
(based on sustainability criteria) of the intended biogas user. The output of the model provides a 17 
recommended design with estimates of the expected costs, energy and fertiliser production, and 18 
links to contact biodigester suppliers. In order to test the model, data from household surveys 19 
conducted in rural regions of Kenya and Cameroon were used as inputs to the model. An innovative 20 
fixed dome biodigester design, which uses stabilised soil blocks instead of bricks, was identified as 21 
optimal for both Kenyan and Cameroonian rural households. The expected performance of the 22 
optimal biogas system design from the model output was consistent with survey data on existing 23 
biogas systems in the region.  24 
Keywords 25 
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Nomenclature 28 
BMY Methane yield for a chosen feedstock per kg of oDM 
BPP Biogas production potential 
BYFMi Biogas yield per t of fresh matter 
BYi Biogas yields per kg of oDM 
d- Distance from the worst score 
d+ Distance from the best score 















ηBP Biogas production efficiency for a given biodigester type 
EPP Energy production potential 
EYi Energy yield in kWh per m3 of biogas produced for a chosen feedstock type 
fCH4 Fraction of methane in biogas 
FM Fresh matter 
HRT Hydraulic retention time in days 
HRTdig_max Maximum HRT for a given digester type 
HRTdig_min Minimum HRT for a given digester type 
HRTFS_max Maximum HRT based on the feedstock 
HRTFS_min Minimum HRT based on the feedstock 
HRTmax Maximum feasible HRT based on the digester and feedstock type 
HRTmin Minimum feasible HRT based on the digester and feedstock type 
HRTth_max Maximum theoretical HRT based on the digester and feedstock type 
HRTth_min Minimum theoretical HRT based on the digester and feedstock type 
K Relative substrate micro-organism constant 
M Mesophilic operating temperature range 
mi Daily mass input of for a chosen feedstock type 
µm Maximum specific growth rate 
MPP Daily methane production potential 
mw Daily mass of water available 
mw_max Maximum mass of water required 
mw_min Minimum mass of water required 
ndig Number of digesters 
oDM Organic dry matter 
OLR Organic loading rate 
OLRadj Adjusted organic loading rate 
OLRHRT Organic loading rate associated with the HRT range 
OLRmax Maximum organic loading rate 
OLRmin Minimum organic loading rate 
P Psychrophilic operating temperature range 
p Temperature rate constant 
s- Worst score 
s+ Ideal score 
T Thermophilic operating temperature range 
Ta Ambient temperature 
Ta-max Mean ambient high temperature 
Ta-min Mean ambient low temperature 
Tdig Digester temperature 
Tdig-op Digester operating temperature range 
THRT The digester temperature for which the HRT range was assigned 
TS Total solids 
Tset Set temperature of a heating system 
TSin-max maximum TS based on the input feedstock mix 
TSin-min minimum TS based on the input feedstock mix 
V Volumetric flowrate of the input feedstock/water mix 
Vcons Daily volume of gas consumed 
Vdig Chosen digester volume & size 















Vdig_avail_feas Feasible available digester volume 
Vdig_ideal Ideal digester volume 
Vdig_max,adj Adjusted maximum feasible digester volume 
Vdig_min,adj Adjusted minimum feasible digester volume 
Vdig_max Maximum feasible digester volume 
Vdig_min Minimum feasible digester volume 
Vgh Gasholder volume 
VS Volatile solids 
wij Weight assigned to a priority criteria score for a given biogas system design option 
x Parameter value 
z Overall weighted score 
1 Introduction 29 
Biogas technology has been recognised as an important technology to contribute to improved 30 
energy and food security, as well as treatment of organic wastes in Sub-Saharan Africa (SSA) [1-3]. 31 
While there are existing examples of biogas systems at all scales – household, community, 32 
institutional, and commercial – only household biogas technology dissemination has occurred on a 33 
larger scale through domestic biogas programmes in selected SSA countries [1, 4-6]. Increased 34 
uptake of the technology in the region is hindered by high installation costs; inadequate user 35 
training, awareness, and follow up services; and poor design choices due to overlooking the user 36 
energy needs and local conditions [7-11]. Furthermore, the energy potential of organic wastes 37 
through treatment in biodigesters and the full functions and benefits of the technology remain 38 
largely unknown to the majority of the SSA population. To help increase awareness along with 39 
assisting biogas installers, program implementers, and other stakeholders in the biogas industry, an 40 
optimal biogas system design model (OBSDM) has been developed to be used as a decision-making 41 
tool for the SSA context. The model considers a number of interacting factors, which influence the 42 
biodigester design, including the energy demand; fertilizer requirements; feedstock (type, amount, 43 
and rate of supply); water supply; land use (area, soil type, ground water level); climate 44 
(temperature and rainfall); construction materials available locally; finances available to install and 45 
maintain the system; and the priorities (based on sustainability criteria) of the intended biogas user 46 
[4]. These factors make up the inputs to the model, enabling a holistic first assessment of biogas 47 
technology designs that are available and suitable for a wide range of applications in SSA. The 48 
OBSDM has been developed in Microsoft Excel using Visual Basic for Application (VBA) 49 
programming.  User inputs are minimised through the use of internal databases on different biogas 50 
technologies, feedstocks, country-specific climate data, construction materials, which can be 51 
updated or altered as required by the user. The model was applied to a typical rural household in 52 
Kenya and the Adamawa region of Cameroon, based on survey data with the results presented in 53 
section 3.1. 54 
1.1 Principles of biogas technology in the SSA context 55 
Biogas technology harnesses the anaerobic digestion (AD) process in one or more digester tanks to 56 
convert organic waste into energy in the form of biogas, and digestate that can be applied as 57 
fertiliser. Biogas is a mixture of 50-70% methane and 30-45% carbon dioxide, which can be utilised 58 
for cooking, lighting, heating, electricity generation, or upgraded to become a transport fuel [12, 13]. 59 















cooking and (gas) lighting, as well as institutional scale for waste management and cooking [11, 14, 61 
15]. The main feedstock used for household biodigesters is cattle dung, while institutional 62 
biodigesters use domestic sewerage and/or cattle dung [16-18]. However, there is also significant 63 
potential for energy generation from crop residues and the organic fraction of municipal solid waste 64 
(OFMSW), as well as wastes from agro-processing and food production industries for commercial 65 
biodigesters [4]. The application of commercial biodigesters in SSA is still very limited with unique 66 
examples in Ghana, Kenya, Nigeria, South Africa and Uganda [19-25].  67 
Biogas technology is appealing in SSA due to its ability to help improve energy access, waste 68 
management, sanitation, and the indoor cooking environment [6, 26-28]. In addition, the technology 69 
is scalable and possible to construct systems from local materials [29-31]. Biodigesters have been 70 
installed in SSA since the 1950s, although in low numbers and varying degrees of success [32, 33]. In 71 
recent years, the ‘Biogas for Better Life Initiative’ was launched in 2007 with hopes to create a 72 
commercial domestic biogas market throughout the African continent [3]. From this initiative, the 73 
African Biogas Partnership Program was established, which supports domestic biogas programmes in 74 
five SSA countries; Ethiopia, Kenya, Tanzania, Uganda, and Burkina Faso [34]. Domestic biodigesters 75 
can help improve livelihoods and reduce the strain on the environment through replacing traditional 76 
open fire stoves with smokeless biogas stoves.  Use of traditional stoves in homes leads to a build-up 77 
of thick smoke, particulates and hazardous pollutants such as carbon monoxide, sulphur and 78 
nitrogen oxides, due to a lack of flue or ventilation [10, 35]. The uncontrolled use of wood fuels and 79 
other traditional biomass resources is causing environmental problems including land degradation in 80 
drylands, destruction of forests, aggravated soil erosion, and flooding in SSA [36-38]. These 81 
environmental concerns are considerable in SSA given that over 90% of the population use wood 82 
fuels as an energy source, predominately for cooking [36]. Increasing awareness about biogas 83 
technology and its benefits in SSA along with designing biogas systems to suit the specific context 84 
and priorities of the intended users is an important part of improving the uptake of the technology 85 
in the region [4, 7]. The OBSDM was developed with this in mind. 86 
2 Developing an optimal biogas system design model 87 
2.1 Factors to consider in the design of biogas systems 88 
Biogas system design requires consideration of the following, four interacting factors: the energy 89 
demand; the amount and nature of the feedstock available; the economics of the system; and the 90 
location where the system is to be installed, with consideration of the climate, soil conditions, land 91 
area available for installation, and water supply [39]. In SSA, 40% of the population live in water 92 
scarce environments, making water availability a crucial factor in biogas system design [40]. The 93 
OBSDM has been designed with these interacting factors forming four of the five main input 94 
sections. The fifth input section relates to the priorities of the user, and forms the criteria on which 95 
the optimal design is identified. Existing decision making tools for biogas technology focus largely on 96 
the financial viability of installing systems, and require detailed information on the installation and 97 
operational costs, or only provide the cost of one particular type of system (often suitable only for 98 
farms).  99 
Karellas et al. [41] developed an  Investment Decision Tool (IDT), which calculates the economic 100 















simple payback period. The IDT is applicable to European commercial biogas systems, ranging from 102 
50 to 5000 m3 in size, which use agricultural waste and energy crops as feedstock to generate 103 
electricity and compost to sell [41]. Other online calculators and biogas feedstock databases exist in 104 
the European context, particularly Germany, which can be used to estimate the economic potential 105 
of commercial and farm-scale projects [42-44]. In the United States, a range of online tools for 106 
estimating energy production potentials from different biogas feedstocks are available, including the 107 
Iowa Biogas Assessment Model (IBAM) [45-47]. IBAM is an economic analysis tool for potential 108 
biogas projects based on feedstock sources available in the state of Iowa in the USA. The IBAM uses 109 
the combination of an online calculation spreadsheet and a geographical information system (GIS) to 110 
provide an economic analysis for potential biogas projects based on the feedstocks selected and 111 
identified via an online map of the state of Iowa [48]. 112 
For developing countries, the biogas calculation tool from the Alternative Energy Promotion Centre 113 
(AEPC) in Nepal stands as a unique example [49]. The AEPC biogas calculation tool is presented as a 114 
Microsoft Excel spreadsheet that can be used to help plant designers conduct technical and financial 115 
assessments for biogas projects in Nepal [49]. A number of details have to be entered into the biogas 116 
tool by the plant designer including details on the biogas plant type, installation and operation and 117 
maintenance (O&M) costs of the biogas plant, along with feedstock supply and the application of the 118 
generated gas. The tool is intended for larger scale systems – institutional, community, commercial, 119 
or waste to energy – where most design parameters are already chosen. In contrast to these existing 120 
tools and models, the OBSDM is intended to provide a holistic first assessment of the biogas 121 
technologies available for a wide range of applications specific to the SSA context including 122 
household, community, and industrial scale plants. It can be used by NGOs, government entities and 123 
other stakeholders in the SSA biogas industry as a first assessment of which type of biogas 124 
technologies are suitable for different applications. User inputs are minimised through the use of 125 
internal databases on different biogas technologies, feedstocks, country-specific climate data, 126 
construction materials, which can be updated or altered as required. To assist with calculating costs, 127 
the model is linked to an online currency exchange rate database. 128 
2.1.1 Energy demand 129 
The intended purpose of the biogas system is defined in the energy demand section of the OBSDM. 130 
As recommended by Werner et al. [50], estimating the energy demand of the intended user is the 131 
ideal starting point when advising on biogas installations. The user can choose one or more 132 
application options including cooking gas, lighting, electricity, and waste management. Lighting has 133 
been listed as a separate energy option than electricity, as biogas lamps are commonly used in 134 
domestic biogas systems, which are not as efficient as electric light globes, but provides a low cost 135 
option relative to kerosene lamps [51]. Waste management will be a function of a biogas system if 136 
organic waste is used as feedstock. Regardless of whether it is used exclusively for this purpose or 137 
for energy production, listing all types of uses for the system in the SSA context enables the user to 138 
become aware of all the possible functions of the system and choose the most relevant to their 139 
situation. The user is required to specify the number of units and hours of each particular energy 140 
application required, specifically the number of cooking stoves, number of lamps, and any electrical 141 
loads (including power rating of appliances in W and time of use). Based on this user information, 142 
the total daily volume of biogas required in m³ and the total daily energy (in kWh/d) are estimated 143 
using the biogas and power consumption rates (total power consumed by the appliance) given in 144 















Table 1: Estimated biogas and power consumption of household energy applications 146 







461*   3.35* [52-54] 
Gas lamp, equivalent 
to 60W bulb 
161* 0.06 [50, 52, 53] 
1 kWh electricity 
generation in 
biogas/diesel engine 
with 22.9%* efficiency 
988.4* 4.37 [52, 53, 55-57] 
*Average of values from references   
In addition to entering details regarding the intended energy requirements of the biogas system, the 147 
user is also required to enter details about their current energy use to enable comparisons to be 148 
made of the potential biogas system and current energy sources. The user is required to select the 149 
type of energy used for cooking, lighting, and electricity from a drop-down menu and enter the 150 
amount, cost, and preparation time (h) required for each type. This information is used to estimate 151 
the annual energy costs, hours spent preparing current energy sources, GHG emissions (in t CO₂ 152 
equivalent/a), and the annual energy consumption (kWh/a). The costs per kWh are also estimated. 153 
The calorific values of each of the fuel types and the mass of CO₂ equivalent GHG emissions per kWh 154 
of delivered energy are used in the model to calculate the annual energy consumption and GHG 155 
emissions, respectively (Table 2). 156 
Table 2: Calorific values and CO2 equivalent GHG emissions per kWh of delivered energy for conventional fuels in SSA 157 
Fuel type Calorific value 
(kWh/kg) 
CO₂-e GHG emissions (g/kWh 
delivered energy) 
Reference 
Charcoal 8.31 2147 [17, 58-60] 
Charcoal (improved stove) 8.31 1706 [17, 58-60] 
Coal 8.74 2753 [58, 61-63] 
Crop residues 4.78a 4144 [64, 65] 
Firewood 3.81a,b 4379 [17, 60-63] 
Firewood (improved stove) 3.81a,b 2554 
[17, 59, 60, 62, 
63] 
Dung 2.44 4381 [61, 66] 
LPG 12.78a 513 [58, 61, 67] 
Kerosene 12.17 638 [65, 68] 
Electricity grid 1.00 293 [69] 
Diesel 12.00 1700 [58, 70] 
aAverage of values from references 
bAverage of air dried and fresh wood with moisture contents of 15% to 20% and 50%, respectively 
 158 
2.1.2 Feedstock 159 
The type of feedstock used in a biogas system is the most influential parameter as it determines the 160 
amount of biogas that can be produced, the type of biogas technology that can be used, and the 161 
system operation [28]. All the organic components required for the AD process are provided by the 162 















sugars, proteins, and starch based compounds, and examples of less ideal substrates include 164 
hemicellulose, cellulose, and lignin organic substances with a lower biodegradability [12, 28].  Key 165 
feedstock parameters, which influence biodegradability are: total solids (TS) or dry matter content 166 
(DM),  volatile solids (VS) or organic dry matter content (oDM), biogas yield and methane content (or 167 
methane yield), and the rate and reliability of supply [71, 72]. In SSA, cattle manure is the main 168 
feedstock used in biogas systems, however, there is potential to use a wide range of organic wastes 169 
[5]. Using a combination of feedstocks, known as co-digestion, such as the organic fraction of 170 
municipal solid waste (OFMSW) and sewage sludge or crop residues and animal manure, can provide 171 
the right balance of nutrients and increase the methane yield [73-75]. The user is able to model 172 
using up to 8 different feedstocks in the OBSDM from a total of 40 feedstocks under the categories 173 
of cattle manure; livestock food product waste; other manure and sewage; vegetable and food 174 
waste; roots, tuber, and market waste; fruit and nut waste; crop residues, and; straw and grass 175 
(some of which are presented in Table 3). For each feedstock selected, the amount, rate of supply 176 
(e.g.  daily), time taken to collect, and the distance from the proposed installation site of the biogas 177 
system needs to be entered. A biogas system is considered to be very feasible if the feedstock is 178 
within 3 km of the installation site [76]. The maximum daily biogas production potential (BPP) is 179 
calculated in the model as outlined in the following equation: 180 
	( )⁄ = 1 2⁄ ( ( )⁄ ×  ×  × ( 	⁄ )+  ( )⁄ × ,(	 	)⁄ 1000⁄   (1) 
 181 
Where mi is the daily mass input of each chosen feedstock type and BYi and BYFM,i are the 182 
corresponding biogas yields per kg of oDM and t of fresh matter (FM), respectively, from the 183 
database. The average of the two different methods of calculating biogas production potential is 184 
used to derive a more accurate estimate of the maximum daily biogas potential from the selected 185 
feedstocks. The daily energy production potential (EPP) is then calculated as given in the expression 186 
below: 187 
!("ℎ ) = ( ) × !("ℎ ⁄⁄$ ) (2) 
 188 
Where EYi is the energy yield in kWh per m
3 of biogas produced for each chosen feedstock type from 189 
the database.  These BPP and EPP values are used to determine whether the feedstock supply is 190 
sufficient to meet all the energy needs, providing an alert to the model user if the supply is 191 
insufficient. BPP and EPP present the biogas and energy production under ideal conditions, in 192 
practice the actual biogas and energy production will be lower. The calculations for adjusted BPP 193 
and EPP figures based on methane yields according to digester operating temperatures and digester 194 
size are presented in section 2.2. 195 











































































































Eggs 25% 92% 0.975 60% - 6.22 5* 3* 30* [12] 











Night soil (pit 
toilet waste) 
18% 84% 0.24 66% 37 6.79 8 70 100 
[18, 27, 
71, 82, 84, 
85] 
 































17% 87% 0.649 52% 95.9 5.37 25* 10 40 
 [43, 87, 
88] 
Fruit & nut 
waste 













21% 92% 0.563 51% 107.2 5.28 63 10 40 
 [43, 87, 
88] 
 
Cassava pulp 31% 98% 0.573 60% - 6.25 
100
* 
10 40 [86, 88] 
 Water 
hyacinth 
7% N/A 0.25 60%* - 6.22 25 10 40 [54] 
Straw & 
grass Young grass 50% 58%* 0.415* 60% - 6.22 12 10 40 
[82, 87, 
88] 
 Maize straw 86% 72% 0.7 45% - 4.70 52 10 40 [12, 50] 
 
Rice straw 59% 83% 0.585 60% - 6.22 75 10 40 [12, 82] 
* Estimate        
2.1.3 Location 197 
The location where the biogas system is to be installed is another critical factor in the design of a 198 
biogas system. Location influences the heating and water requirements along with the type of 199 















determines the possible range of total solids (TS) of the input stream into the biogas system. 201 
Different biogas technologies operate under different TS ranges, for example fixed dome digesters  202 
commonly used in SSA operate at a TS between 6% and 10% [18]. Fresh water requirements can be 203 
reduced or eliminated by using cattle urine, grey water, or connecting a toilet to the biogas system 204 
[5]. A distance of 1 km is considered as the maximum distance a person should walk in order to get 205 
water for a domestic biogas system to ensure that water access is not a limiting factor in the 206 
technology’s uptake when water reticulation is unavailable [5]. In the OBSDM, the user is required to 207 
include the amount of water available in litres per day, the time required to collect it, as well as the 208 
average annual rainfall. The possible TS range based on the feedstock and water supply is 209 
determined as follows: 210 
%&'()' = * × + * + ,+$  %&'()-. =  ×  $  (3) 
 211 
Where TSin-min is the minimum TS based on the input feedstock mix and daily amount of water 212 
available, mw, and TSin-max is the maximum TS based on the average DM of the feedstock mix. 213 
The operating temperature of the system and potential heating requirements are identified in the 214 
model based on the climatic conditions at the site. Climatic data, specifically mean daily 215 
temperature, mean daily high temperature, mean daily low temperature, and maximum 216 
temperature between day and night, can be entered by the user or, alternatively, country averages 217 
from the internal database are used. The operating temperature of a biogas system is important as it 218 
influences the rate of the microbial activity in the digester [94]. Methanogenic bacteria are 219 
particularly sensitive to fluctuations in temperature, which can inhibit biogas production [28, 95]. 220 
Heating requirements are determined as given in the expression below:  221 
/0123	4056240
789




Where Tdig-op is the digester operating temperature range, which can be psychrophilic (<20°C), P; 223 
mesophilic (35-42°C), M; or thermophilic (50-60°C), T [5, 12, 96, 97]. Ta, Ta-max and Ta-min denote the 224 
mean daily ambient temperature, mean ambient high temperature, and mean ambient low 225 
temperature, respectively. The limits indicate the hourly temperature fluctuations based on an 226 
average 12-hour period between Ta-max and Ta-min. Top-min is the minimum outside temperature in 227 
which the biodigester can operate. This differs from the digester operating temperature range, e.g. 228 
underground fixed dome biodigesters can operate in the mesophilic operating range with outside 229 
temperatures ranging between 10°C to 40°C [76].  230 
Heating requirements for biogas systems can be minimised through the use of insulation, which in 231 
part consists of underground installation in developing regions. To determine if underground 232 
construction is feasible, the shallowest groundwater depth at the installation site at any point 233 















of 15 soil types found in SSA (Table 4). Underground construction is considered feasible in the 235 
OBSDM if the soil type is suitable for underground construction for specific digester designs, and the 236 
maximum excavation depth required for the biogas system installation is less than the shallowest 237 
groundwater depth. The final user inputs in the location section are the amount of fertiliser required 238 
per year, the cost of the fertiliser, the area available for installing the system, and the local 239 
construction materials (selected from a list) and their respective costs (either default country 240 
average costs or user-defined local costs).  241 
Table 4: Soil types database in OBSDM based on [98, 99] 242 
Soil type Code Definition 
Arenosols AR Loose, sandy soil 
Calcisols, Cambisols, Luvisols CL Limestone, sandy loam or high base clay soil 
Gypsisols, Calcisols GY Soil with gypsum and/or limestone 
Acrisols, Alisols, Plithosols AC Low base/highly acid soil susceptible to water erosion, clay-rich with/without 
iron minerals, may contain aluminium 
Andosols AN Volcanic soils, high aluminium content, excellent water & nutrient holding 
capacity 
Fluvisols, Gleysols, Cambisols FL Marsh or wetland soil with/without sandy loam 
Ferralsols, Acrisols, Nitisols FR red/yellow soil with metal oxides (incl. tropical red soil), fine texture, may be 
clay rich 
Gleysols, Hitosols, Fluvisols GL Wetland/swamp/marsh soil 
Leptosols LP Shallow soil over continuous rock with gravel/stone 
Lixisols LX Soil with high clay content in subsoil, common in tropical regions with dry 
season/s, high erodibility 
Nitsols, Andosols NT Red tropical soil with/without volcanic soil 
Plantosols PL Light-coloured soil, clay in subsurface, seasonal waterlogging and drought 
stress 
Pozdols, Hitosols PZ Ash-grey top layer of coarse texture, subsurface of humus and metal oxides 
(common in humid tropics & light forest regions) with/without wetland soil 
Solonchaks, Solonetz SC Soil high in soluble salts, common in arid/semi-arid/coastal regions may have 
dense subsurface with high clay content 
Vertisol (black cotton soil) VR Heavy textured soil, high in expansive clay, unstable -shrinking and swelling 
 243 
2.1.4 Economics and priorities of the user 244 
The final input sections of the model are used to assist in identifying which type of biogas 245 
technologies are most suitable based on the intended user’s economic situation and priorities. 246 
Economic inputs include monthly disposable income, savings available for capital expenditure, and 247 
details on any government subsidies that may be available for biogas technology. The high 248 
installation costs of biogas systems in SSA currently presents a significant barrier to increased uptake 249 
of the technology [7]. As such, the OBSDM includes low cost biogas systems in the digester database. 250 
The priorities listed in the user inputs were chosen based on technical, economic, environmental, 251 
and social sustainability criteria related to biogas systems. The users can rate each priority criteria 252 















Table 5: Priority criteria and associated parameters and source in OBSDM 254 
Priority Criteria Parameters Source 
Reliability • Lifespan of digester 
• Gas pressure variability (constant or varying) 
• Biodigester database 
Robustness • Sensitivity to changes in ambient temperature 
• Vulnerabilities to structural integrity of biogas 
system 
• User input – local 
climatic 
conditions/internal 
climate database for 
SSA countries 
• Biodigester database 
Simple operation & 
construction 
• Daily operation time (h) 
• Annual maintenance required (h) 
• Level of expertise required for operation 
• Construction time (d) 
• Biodigester database 
Low cost • Installation costs (including and excluding 
subsidies) 
• Operation & maintenance (O&M) costs 
• Annual savings 
• Net present value (NPV) 
• Simple payback period (y) 
• Affordability (monthly disposable income - 
monthly O&M costs) 
• Additional savings required to meet capital costs 
• Months of savings required to meet capital costs 
• Biodigester database 
• User input – energy 
demand (current fuel 
source costs), location 
(fertiliser & local 
construction material 
costs) & economics 
• Construction materials 
database 
 
Technical efficiency • Biogas production efficiency (%) 
• Proportion of energy requirements met (%) 
• Specific gas production per digester volume (m³ 
biogas/m³ installed) 
• User input -energy 
demand, feedstock 
• Biodigester database 
 
Environmentally benign • GHG emissions avoided from waste management 
(t CO2-e/y) 
• GHG emissions avoided from fuel replacement (t 
CO2-e/y) 
• GHG emissions from construction (t CO2-e/y) 
• Energy returned on energy invested (EROI) 
• User input – energy 
demand, feedstock 
• Construction materials 
database 
• Biodigester database 
Local materials & 
labour 
• Employment generation (unskilled/skilled ratio for 
installation) 
• Proportion of required construction materials 
available locally (%) 
• Biodigester database 
• User input – location 
(local construction 
materials) 
Save time • Time saved from replacing current energy demand 
(h/d) 
• Time required to operate & maintain the system 
(including feedstock and water collection) (h/d) 
• User energy input – 
energy demand 
(current fuel sources), 
feedstock, location 
(water supply) 
• Biodigester database 
 255 
2.2 Biodigester sizing and selection 256 
Biogas systems are sized according to the volumes required for the digester, containing the water 257 
and feedstock mix where the AD process occurs, and the gasholder storing the produced biogas 258 
temporarily prior to its application for energy production. The key influencing factors to digester 259 
sizing are hydraulic retention time (HRT), organic loading rate (OLR), and temperature. The volume 260 
of a digester may be determined based on either the HRT or OLR; and the chosen digester volume 261 















/B%() = C;<()CD ( ⁄ ) (5) [28] 
 263 EFB(	 (/)⁄ ) = H ( )⁄ ×  × I C;<⁄ () (6) 
 264 
Suitable sizes for biodigesters can be determined based on maximising biogas production, 265 
maintaining process stability, and minimising system energy requirements and process costs, the 266 
combination of these requiring trade-offs as not all factors can be maximised simultaneously [100]. 267 
Higher OLRs require longer HRTs which increases the required digester size and cost, but also the 268 
methane production [101]. A theoretical HRT range is defined in the OBSDM according to the 269 
recommended digester and feedstock ranges as follows: 270 
/B%JK_)'() = max	(/B%;<_)', /B%P_)') 
 	 /B%JK_)-.() = min	(/B%;<_)-., /B%P_)-.) (7) 
 271 
Where HRTdig_min and HRTdig_max are the minimum and maximum HRTs of a given digester in the 272 
model’s digester database. HRTFS_min and HRTFS_max are the minimum and maximum recommended 273 
HRTs of the feedstock, as given in Table 3. Where a combination of feedstocks is used, HRTmin and 274 
HRTmax are determined by calculating the sum-product of the minimum and maximum HRT of each 275 
feedstock type relative to the mass of each feedstock and total mass, respectively. The HRT ranges 276 
are used to derive a suitable digester volume range, Vdig_min and Vdig_max for each digester type in the 277 
model: 278 
C;<_)'() = S* + ,_)'+ ( )⁄ 1000( )⁄$ T ( )⁄ × /B%)'() C;<_)-.() = S* + ,_)-.+ ( )⁄ 1000( )⁄$ T ( )⁄ × /B%)-.() (8) 
 279 
Where mw_min and mw_max are the minimum and maximum amounts of water required to be added to 280 
the digester with the feedstock each day. The water input requirements are determined based on 281 
the maximum and minimum total solids content at which a digester can function properly, TSdig_max 282 
and TSdig_min, respectively, as well as the dry matter content and volume of each feedstock with the 283 
density of the feedstock and the input mix being approximated to the density of water, as in the 284 
following equation: 285 
,_)'(/) = U 0, 																		%&'()-. < %&;<_)-.* × + %&;<_)-.$ −  ,_)-.(/) = * × + %&;<_)'$ −    (9) 
 286 
The amounts of water required for each biodigester type are also used to identify the feasible types 287 
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 291 
Where a biodigester type is considered feasible provided these conditions are true. 292 
The derived digester volume and HRT ranges of the feasible biodigester types are used to determine 293 
the resulting maximum and minimum OLR, using Equation (6): 294 
EFB)-. = S( ×  × )T C;<_)'$  EFB)' = S( ×  × )T C;<_)-.$  (11)  
 295 
The derived OLR range is applicable to digesters operating in the digester temperature for which the 296 
HRT range was assigned, THRT, however, the actual digester operating temperature, Tdig, may differ 297 
from this depending on the climatic conditions and the digester type. At lower temperatures, for 298 
example, a lower OLR and higher HRT is required to achieve comparable biogas production rates.  To 299 
determine the adjusted OLR range, OLRmax,adj and OLRmin,adj, the following equation is applied [102]: 300 
EFB)-.,-;_ = 0>(`abc(`def) × EFB)-. EFB)',-;_ = 0>(`abc(`def) × EFB)' (12) 
 301 
Where p is the rate constant (1/°C), which is 0.10 for the temperature range of 10°C to 30°C [102]. 302 
Tdig is estimated to be the average of Ta and Ta-max for unheated underground or insulated systems 303 
and equivalent to Ta for unheated above ground systems, otherwise the digester temperature is 304 
equal to the set temperature of the heating system, Tset: 305 
%;< = ] %- ,																																1Yg0	463, 3	23X6Z123			(%- , %-()-.) 2,									630463	h3X./23X6Z123⁄%jkJ ,																												ℎ010	20X04																												  (13) 
 306 
THRT is estimated in the same manner, unless specified, based on the average ambient temperature 307 
of the country where the system is available. 308 
The adjusted OLR range is then used to recalculate the digester volume range, Vdig_min,adj and 309 
Vdig_max,adj, and the resulting HRT range. The ideal digester volume recommended by the OBSDM for 310 
each biodigester type is the mean volume of the digester volume range as this provides a 311 
compromise between minimising costs (Vdig_min,adj), and maximising biogas production and process 312 
stability (Vdig_max,adj): 313 C;<_;k-l = (C;<_)-.,mno	+ C;<_)',mno	) 2⁄  (14) 















Once a recommended digester size has been determined for each feasible biodigester type, the 315 
model compares each available digester size, Vdig_avail, to Vdig_ideal, and identifies the feasible digester 316 
volumes, Vdig_avail_feas, according to the equation given below: 317 
C;<_-p-l_qk-j = ] rC;<_;k-l C;<_-p-l⁄ r × C;<_-p-l , C;<_;k-l C;<_-p-l ≥ 0.5⁄ 	C;<_-p-l , 																																												0.5 < C;<_;k-l C;<_-p-l ≥ 0.15⁄ 	0																																																																																																																						  (15) 
 318 
Where the nearest integer is used to determine the multiples of Vdig_avail required if Vdig_ideal is half of 319 
the available size or larger in volume. If the ratio of Vdig_ideal to Vdig_avail is less than half and greater 320 
than 0.15, Vdig_avail is chosen as the feasible digester size. A ratio less than 0.15 indicates that Vdig_avail 321 
is significantly larger than the ideal digester volume and therefore the available digester size is not 322 
considered feasible. The 0.15 boundary is derived from it being the minimum ratio value that allows 323 
at least the smallest available size of each biogas system type in the OBSDM to be considered based 324 
on a feedstock supply of cattle dung from 1 cow (12.25 kg/d [82, 103]). 325 
Equations (16) to (18) are used to calculated the average HRT, HRTavg, number of digesters, ndig, and 326 
percentage change from the ideal volume. 327 
/B%)'() = C;<_-p-l_qk-j() * + ,_)-.+ ( ⁄ ) 1000( )⁄$$  /B%)-.() = C;<_-p-l_qk-j() * + ,_)'+ ( ⁄ ) 1000( )⁄$$  /B%-p<() = (/B%)'() + /B%)-.()) 2⁄  
(16) 
 328 
3;< = C;<_-p-l_qk-j C;<_-p-l⁄  (17) 
 329 
















The installation costs of each feasible digester size (excluding any subsidies that may be available), 331 
are estimated based on the average of the recommended retail price (RRP) (where available), and 332 
the total costs of the required construction materials, considering the cost of value-added tax (VAT), 333 
if applicable. These costs along with HRTavg, ndig, and % change are sizing parameters used to identify 334 
the optimal feasible digester size for each biodigester type through applying the technique for order 335 
preference by similarity to ideal solution (TOPSIS) method with details provided in section 2.3. 336 
The associated gasholder size based on the selected digester size becomes the selected gasholder 337 
volume. Kossmann et al. [29] recommend that the gasholder is sized to cover the peak gas 338 
consumption rate and the gas storage required during the longest zero-consumption period. This 339 
method is applied and compared to the available gasholder volume to determine whether additional 340 
gas storage is required. The peak gas consumption rate is the daily required gas consumption based 341 
on the energy demand input. The maximum zero-consumption period is estimated to be 10 hours in 342 
a day. The daily methane production potential (MPP) is estimated using the kinetic model for steady 343 
state methane production rates from Chen and Hashimoto [101, 104, 105] as given below: 344 
	( ⁄ ) = H( ( )⁄ ×  ×  × (u/v 	⁄ )× (1/1000)( ⁄ )IH1 − w (/B% × x) − 1 + w)⁄ I (19) 	
Where BMYi is the methane yield for a chosen feedstock per kg of oDM, and K is the relative 345 
substrate micro-organism binding constant, which can be determined based on the equations given 346 
below for cattle manure and swine manure, respectively [104, 105]: 347 
w = 0.8 + 0.00160{.{|()}~/)×{{{) (20) 
 w = 0.6 + 0.02060{.{()}~/)×{{{) (21) 
 348 
For all other feedstocks types the K value for swine manure is used, which was also used by 349 
Abarghaz et al. [106] for a mixture of feedstocks. The maximum specific growth rate, µm, is affected 350 
by temperatures over the range of 20°C to 60°C as follows [104]: 351 x) = 0.013%;< − 0.129 (22) 
 352 
The required gasholder volume, Vgh with an added safety factor of 15%, therefore can be calculated 353 
based on the estimated daily biogas consumption (equivalent to the energy demand), Vcons, and the 354 
maximum period of zero gas consumption (10 hours per day), where fCH4 is the fraction of methane 355 
in biogas, and ηBP is the biogas production efficiency for a given biodigester type: 356 
C<K() = 1.15 × maxC='j, 10 24⁄ ×  W̅⁄  ×  , C='j ≤  W̅⁄  × 1.15 × 10 24⁄ ×  W̅⁄  ×   (23) 
 357 
Additional required gas storage volume is calculated as the difference between the required and 358 















BPP, which is based on the biogas production potential under ideal conditions and does not enable 360 
the variation in methane production according to digester temperature to be considered.  361 
2.3 Determining the optimal design using Multi-Criteria Decision Analysis 362 
Multi-criteria decision analysis (MCDA), specifically the TOPSIS approach, is used to identify the 363 
optimal biogas system design. In the TOPSIS method, each design option is ranked according to its 364 
distance from the ideal solution, with the best option being identified as having the shortest 365 
weighted distance from the ideal solution and the longest distance from the worst [107]. This 366 
method is used to find the optimal size for each feasible biodigester type as well as identifying the 367 
most suitable overall biogas system design. The biogas digester types that are technically feasible 368 
are identified based on the user inputs related to feedstock and location as discussed in sections 369 
2.1.2 to 2.1.3. To help determine the optimal size for each feasible biodigester type, vector 370 
normalisation (Equation (24)) is applied to each of the sizing parameters (described in section 2.2) 371 
for all possible digester volumes and the best and worst scores for each parameter are identified. 372 
The best score for HRTavg and installation costs is the maximum normalised HRTavg and installation 373 
cost scores (where costs are considered as negative values), while the worst score is the minimum 374 
normalised score. For ndig and % change, the best scores are the minimum normalised scores and the 375 
worst are the maximum normalised scores. The distance from the best and worst score, d+ and d-, 376 
respectively, is then calculated as the square-root of the squared sum of the difference between 377 
each normalised sizing score and the best and worst scores. The overall score, z, for each sizing 378 
option is then determined by applying Equation (27) with the optimal size then being identified as 379 
the one with the highest overall score.   380 
Once the optimal size has been chosen in the model for each feasible biodigester type, the different 381 
design options are then ranked and compared by applying the TOPSIS method again. The ideal 382 
design in the OBSDM is the one which has the best possible weighted score for each priority criteria, 383 
while the worst solution is the design with the worst possible weighted score for each priority 384 
criteria (Table 6). A normalised decision matrix of M alternatives and N criteria is formed in the 385 
model, with the score for each priority criteria, j, of an biogas system design option, i, being derived 386 
from normalising parameter values, x [108]: 387 




Table 6: Equations to determine ideal and worst scores for priority criteria in the OBSDM 389 
Priority criteria Ideal score (s
+
) Worst score (s
-
) 
Reliability, robustness, low costa, 
technical efficiency, reducing GHG 
emissions, local materials & labour, 
save time 
X = max	(_ × _) X( = min	(_ × _) 
Simple operation & constructionb X = min(_ × _) X( = max(_ × _) 
aAll costs are considered as negative values and all profit is given as positive values in the OBSDM, as is common 
practice in accounting, resulting in an objective function of maximising profits and thereby minimising costs. 
bThe objective function is to minimise the time required for construction, operation and maintenance, as well as the 
















The distance from the ideal score, d+, and the worst score, d-, for each digester design option is 391 
determined by the square-root of the squared sum of the difference between the ideal and worst 392 
scores, respectively, from the weighted scores of each option [107]: 393 
(X) = ]X − _ × __  (25) 
  
 394 
(X)( = ]_ × _ − X(_  (26) 
 395 
Where wij is the weight assigned to a normalised priority criteria score for a given design option. The 396 
overall weighted score, z, of each option is determined as follows [107]: 397 
X = (X)( (X)( + (X) $  (27) 
 398 
The optimal design option is identified as the option which has received the maximum overall score. 399 
3 Applying the OBSDM for rural household biogas systems in Kenya 400 
and Cameroon 401 
The concept of the OBSDM can be realised through applying existing data to the model. Average 402 
data on rural households in Kenya and Cameroon based on two surveys was applied to the model to 403 
identify the optimal biogas system design for rural households in Kenya and Cameroon [109, 110]. 404 
The survey from Kenya was carried out in January 2014 in six different counties to assess the quality 405 
of the services provided by the Kenyan National Domestic Biogas Programme (KENBIP), the 406 
socioeconomic impact of household biogas systems, and to determine a baseline for the  fuel 407 
situation [109]. A total of 240 households were surveyed across the six counties of Kericho, Nakuru, 408 
Kiambu, Murang’a, Machakos, and Kajiado, which are representative of the Western, Eastern and 409 
Central regions of Kenya [109]. In Cameroon, a total of 18 households in the Adamawa region were 410 
interviewed and their household air quality monitored between April and May 2015 [110]. The aim 411 
of the study was to assess the impact of biogas systems on household energy, water, labour, and 412 
indoor air quality [110]. Average data on energy use, water supply, fertiliser use, and income for 413 
rural households with and without biodigesters from both studies were inputs to the OBSDM (Table 414 
7).  415 
Table 7: Inputs to the OBSDM for average rural Kenyan and Cameroonian households based on survey data [109, 111] 416 
Input parameter Kenya Cameroon (Adamawa region) 
Energy demand   
Cooking h/d (per stove) 4.5 (3 meals for 4-5 people) 4.5 (3 meals for 9-10 people) 
No. of stoves 1 2 
Daily volume of biogas required (m
3















Daily energy required (kWh) 13.4 26.8 
Current daily cooking fuel consumption 4.8 kg firewooda 10.5 kg firewood 
Current lighting fuel used   
Monthly Energy costs 0 12,133.33 FCFA (20.62 USD)h 
Time spent preparing current energy 
sources (min/d) 
51 28 
Greenhouse gas emissions per year (t CO2-
e/y) 
29 64 
Feedstock   
Amount & type 77 kg/d dairy cattle manure 66 kg/d cattle manure 
Time required to collect & transport 
feedstock to biodigester (min/d) 
1 12.25 
Daily biogas production potential (m
3
) 2.92 3.58 
Daily energy production potential(kWh) 16.07 22.5 
Location   
Amount of water available (L/d) 63.5b 63.0 
Time required to collect water 60 minb  15 min 
Mean daily temperature (°C) 20.8c 23.8c 
Mean high temperature during the day 
(°C) 
26.9c 28.8c 
Mean temperature in the coldest month 
(°C) 
16.1c 18.8c 
Maximum temperature difference 
between day and night (°C) 
10.8c 10.0c 
Shallowest groundwater table depth at 
any point throughout the year (m) 
3d 2i 
Soil type Nitsols, Andosolse Ferralsols, Acrisols, Nitisolsj 
Area available to install biogas system 
(m2) 
30 30 




Cost of fertiliser per kg  40.80 KSh (0.40 USD)f,g 360 FCFA (0.61 USD)g,k 
Construction materials available locally Stone, bricks, dressed quarry 
stones, cement, lime, gravel, 
coarse sand, waterproof 
cement, welded square mesh 
(G8) –heavy gauge, steel 
rod/round bar (8 mm), 
binding wire 
Stone, bricks, cement, lime, gravel, 
coarse sand, fine sand, water proof 
cement, chicken wire (1800 mm 
wide), steel rod/round bar (8 mm), 
steel rod (6 mm), binding wire, 
feeding mixer 
Monthly disposable income 5,000 KSh (49.35 USD)g 941.67 FCFA (1.60 USD)g,l 
Savings available for capital expenditure 30,000 KSh (296.10 USD)g 5,650 FCFA (9.60 USD)g,l 
Subsidies available None 5% installation cost 
aBased on an estimated consumption of 1.2 kg/pp/d [17] 
bAverage from [112] 
cOBSDM country database, climatic data from [113] 
dBased on the shallowest groundwater levels encountered for the Baricho Aquifer in the coastal strip, which is shallower than 
the groundwater levels of major aquifers in Kenya [114] 
eSoils found in several regions of Kenya [115] 
fBased on cost of 2,480KSh and 1,600KSh per 50kg bag of diammonium phosphate (DAP) and calcium ammonium nitrate 
(CAN) fertilisers, respectively [116] 
gBased on an exchange rate of 1 USD = 101.32 KSh (current July 2016) 
hBased on an exchange rate of 1 USD = 588.44 FCFA (current July 2016) 
iBased on shallowest depth to water below ground level in buffer zone for bauxite mining project in Adamawa region [117] 
jBased on dominant soils in the ferralitic zone [118] 
kBased on an average annual spending of 50,500 FCFA for chemical fertiliser by farmers in Mezam division and a cost of 
18,000 FCFA per 50 kg bag [119] 
















While there are notable differences in the Kenyan and Cameroonian studies, the conditions of the 418 
surveyed rural households are comparable. The dominant cooking method in both study regions is 419 
three-stone wood stoves, and the main feedstock available for biogas production is cattle manure. 420 
No cost has been assigned to firewood use for an average Kenyan rural household, as the study 421 
noted that over half of surveyed households collect rather than purchase firewood. In Cameroon, 422 
over half of the surveyed households spent between 600 and 5000 FCFA per week on firewood 423 
[110]. The cattle grazing practices in the two regions differ, influencing the availability and time 424 
associated with cattle dung collection to feed the biodigester. Cattle from the Kenyan households 425 
remain in one cattle holding area close to the house for most of the year while in Adamawa cattle 426 
are only kept in kraals (cattle holding area) close to homes overnight during the dry season and left 427 
to graze away from their homes during the wet season [109, 110].  428 
The model inputs of area available for installing the biogas system and construction materials 429 
available locally were estimated based on the type of biogas systems developed through the 430 
domestic biogas programmes in Kenya and Cameroon. The KENBIP began in 2008 as part of the 431 
Africa Biogas Partnership Programme (ABPP) and has helped increase biogas dissemination, with 432 
over 10,000 biodigesters installed since the programme began [121].  The programme developed the 433 
KENBIM fixed dome model [122]. Biogas dissemination in Cameroon has been more localised with 434 
pilot domestic biogas projects in selected regions such as Adamawa, while a national domestic 435 
biogas programme is being developed by the Ministry of Water and Energy (MINEE) through 436 
partnerships with the Netherlands Development Organisation (SNV), Heifer International, and 437 
Programme de Développement Durable du Lac Tchad (PRODEBALT) [111, 119, 123]. SNV has 438 
facilitated the promotion and construction of fixed dome designs based on the Nepalese model GGC 439 
2047 in Cameroon [111]. The OBSDM does not include this Cameroonian fixed dome model in the 440 
digester database; however, it does include the comparable Rwanda III model, which also is based 441 
on the GGC 2047 model. Government subsidies are no longer available for Kenyan households under 442 
the KENBIP, while for rural households in Adamawa subsidies of 5, 25, and 45 percent were trialled 443 
as part of a study conducted by SNV and the Development Economics Group from Wageningen 444 
University [124]. The minimum subsidy of 5 percent was included as an input to the model. Priority 445 
criteria were rated in the model based on the survey responses in Kenya on the reasons for installing 446 
the system for both case studies, as this information was not available from Cameroon. The primary 447 
reasons for installing biodigesters were to make cooking more convenient as well as save money and 448 
time [109]. 449 
3.1 Results and discussion: Optimal design for rural Kenyan and 450 
Cameroonian households 451 
The OBSDM identified a 6 m3 Modified CAMARTEC stabilised soil blocks (SSB) digester to be optimal 452 
based on the specified conditions for both Kenyan and Cameroonian rural households (Table 8). 453 
Estimates from the model on the biogas production, proportion of cooking needs met, and the time 454 
saved by applying these biogas systems are conservative compared to the two survey results. The 455 
volumes of the majority of household biodigesters in the Kenyan study region were 8 m3, providing 3 456 
hours of cooking for a double burner stove with no households reporting a shortage of gas [109]. 457 
Comparatively, the model estimated the biogas system to provide a total of 3.2 cooking hours for a 458 















lower biogas production estimates relative to the energy required given by the model may be due to 460 
the average amount of feedstock fed to the digesters being greater than what was entered in the 461 
model. The Kenyan survey report provided figures for the average amount of dairy cattle, other 462 
cattle, market pig, and breeding pig dung fed to the biodigester per day, however, it did not specify 463 
the average per household, therefore some households may be using a combination of animal dung 464 
to feed their biodigesters. Furthermore, the amount of biogas required based on the number of 465 
meals and number of people per household is high at a rate of 150 L/pp/meal [50]. For an average 466 
household in Adamawa, the biogas system is estimated to provide 3.1 h of cooking each day, saving 467 
3.6 kg/d in firewood and meeting 34% of the daily cooking requirements. This was due to the larger 468 
household size compared to the Kenyan case study. Firewood savings estimates are conservative 469 
compared to the Cameroonian survey results of 5.5 kg/d. Households in Kenya and Adamawa are 470 
estimated to spend an additional 55 and 37 minutes, respectively, to operate and maintain their 471 
biogas system. This is within the range reported in the Cameroonian survey (2 to 59 minutes) and 472 
attributable to the additional time required to collect feedstock [110]. The time Kenyan households 473 
spend on collecting feedstock and operating the biogas system was not reported in the survey, 474 
however, households did indicate that less time was spent on cooking [109]. Reductions in cooking 475 
time have not been included in the model and could lead to overall time savings. The OBSDM 476 
estimated that all fertiliser requirements will be met by the biogas system for Cameroon and 85% of 477 
the amount required by Kenyan households. Estimated financial savings from replacement of 478 
chemical fertiliser with bioslurry were within 0.3% of the estimated savings from the Kenyan survey, 479 
a total of 26,773 KSh and  21,296 KSh for DAP and CAN fertiliser replacement, respectively [109]. 480 
Due to the limited literature on the performance of bioslurry compared to other organic and 481 
chemical fertilisers and its economic value, there is no standard method of estimating the savings 482 
associated with fertiliser replacement [125]. However, experience from domestic biogas 483 
programmes, such as in Tanzania and Vietnam, have shown that the utilisation of bioslurry can 484 
provide significant financial benefits to biogas system owners [125, 126]. Estimates of savings from 485 
bioslurry use in the OBSDM are not dependent on the type of biogas system applied and therefore 486 
the uncertainties in the associated economic value do not undermine the objective of the model. 487 
The installation costs of the recommended biogas system from the OBSDM are based on average 488 
construction material and labour costs in Kenya and SSA for the Kenyan and Cameroonian case 489 
studies, respectively, and would need to be revised based on local costs for more reliable cost 490 
estimates.  491 
The optimal biogas system design identified by the OBSDM reflect the context of the intended users. 492 
For rural Kenyan households where there are fewer water supplies relative to feedstock supply and 493 
the time taken to collect water is high compared to Cameroon, the recommended system could be 494 
operated with no water due to the low TS content of the feedstock (dairy cattle manure has a lower 495 
TS range than cattle dung). Out of the 9 technically feasible biogas system designs for Kenyan rural 496 
households and the 6 feasible designs for households in Adamawa, the Modified CAMARTEC SSB 497 
digester was found to have the highest overall score and the best scores for low cost and 498 
environmentally benign (Figure 1). The Modified CAMARTEC SSB digesters use interlocking stabilised 499 
soil blocks which are a cheaper and less energy intensive alternative to burned bricks commonly 500 
used in masonry fixed dome systems. The AGAMA BiogasPro, KENBIM, and PUXIN (Bioeco Sarl) 501 
designs were not feasible as the depth required for underground construction of these digesters was 502 















scenarios, the results indicate that masonry fixed dome systems, namely the KENBIM, all modified 504 
CAMARTEC digesters, and the Rwanda III system, are more cost effective than the remaining systems 505 
that are completely or partially prefabricated. The masonry fixed dome systems can be constructed 506 
from local materials, while the prefabricated systems have higher upfront costs. The flexi biogas 507 
digester was the only system which was found to be cost-competitive with the masonry fixed dome 508 
systems, however, its shorter lifespan results in higher costs per kWh. Descriptions of the technically 509 
feasible biogas system designs for both case studies as well as details on the comparison of priority 510 
criteria and associated sustainability parameters are provided in the Appendix with digester sizing 511 
details given in Table A.1, standardised scores given in Table A.2, and weighted scores given in Table 512 
A.3. 513 
Table 8: Optimal biogas system design for rural Kenyan and Cameroonian households based on the OBSDM output 514 
Digester design details Kenya Cameroon (Adamawa region) 
Recommended digester  6 m3 Modified CAMARTEC stabilised 
soil blocks digester  
6 m3 Modified CAMARTEC 
stabilised soil blocks digester 
Recommended digester size 6.49 m³ 5.27 m³ 
Available total digester size 6.00 m³ 6.00 m³ 
Number of digesters 1.0   1.0   
Total gasholder size  1.60 m³ 1.60 m³ 
Additional recommended gas 
storage  
0.00 m³ 0.00 m³ 
Minimum amount of water required 
to mix with feedstock 
0.0 L/d 39.0 L/d 
Maximum amount of water required 
to mix with feedstock 
63.5 L/d 63.0 L/d 
Average hydraulic retention time 
(HRT) 
62 d 49 d 
Organic loading rate (OLR) 0.81 kg oDM/m³/d 1.8 kg oDM/m³/d 
Estimated daily biogas production  1.48 m³ 1.43 m³ 
Estimated daily energy production 8.2 kWh 9.0 kWh 
Proportion of energy requirements 
met 
71  % 34  % 
Estimated daily cookstove hours 3.2 h 3.1 h 
Estimated capital cost 69,265.71 KSh (683.98 USD)a  369,277.51 FCFA (627.55 USD)c 
Estimated annual running costs 288.76 KSh (2.85 USD)a 1,619.64 (2.75 USD)c 
Estimated simple payback period 
(years) 
1.4   4.4   
Estimated NPV 309,265.71KSh (3,052.37 USD)a,b 173,112.80 FCFA (294.19 USD)b,c 
Annual savings 47,931.39 KSh (473.07 USD) 83,144.62 FCFA (141.30 USD)c 
Estimated time saved -55.3 min/d -36.8 min/d 
Estimated greenhouse gas emissions 
reduced  
24.2 t CO₂-e/y 25.7 t CO₂-e/y 




32.19   
Estimated savings in firewood 
consumption 















Digester design details Kenya Cameroon (Adamawa region) 
Closest supplier contact details Uganda Domestic Biogas 
Programme/SNV (the Netherlands 
Development Organisation) 
Uganda Domestic Biogas 
Programme/ SNV (the Netherlands 
Development Organisation) 
aBased on an exchange rate of 1 USD = 101.32 KSh (current July2016) 
bBased on a discount rate of 10% [127] 
cBased on an exchange rate of 1 USD = 588.44 FCFA (current July 2016) 
 515 
Score weighting based on priority criteria rating
a
 
Reliability = 3, Robustness = 3, Simple operation = 5, Low cost = 5, Technical efficiency= 3, 












































































































a 1=not important, 3=moderately important, 5=extremely important 
bThe AGAMA BiogasPro, KENBIM and PUXIN (Bioeco Sarl) desings were not considered feasible for an average rural Cameroonian 
household as their depth for underground consturction exceeds the limit set by the groundwater level 
Figure 1: Multi-criteria analysis of biogas systems design options for rural Kenyan and Cameroonian households 516 
































































































































The OBSDM applies the TOPSIS MCDA method to compare different types of biogas system designs 518 
with the optimal design being identified as the one which best fits the context and priorities of the 519 
intended user. This was reflected by applying the model to case studies of rural households in Kenya, 520 
were there was limited water supply, and rural households in Cameroon, which had lower 521 
disposable incomes and higher energy and fertiliser costs. The optimal designs identified by the 522 
model for these case studies was an innovative Modified CAMARTEC digester design, the stabilised 523 
soil block digester. Modified CAMARTEC SSBs are less expensive and energy intensive through using 524 
stabilised soil blocks. The output design details for these systems provided reasonable estimates of 525 
the expected biogas production potential and resulting savings in firewood consumption. Estimates 526 
of chemical fertiliser replacement in the OBSDM were reflective of those stated in the Kenyan 527 
survey. The accuracy of installation and cost estimates, can be improved in the model by using local 528 
material and labour prices. The database of biogas system designs in the OBSDM is not exhaustive 529 
and can be extended to include more biodigester types available in SSA. Further research to validate 530 
the OBSDM is required, including a sensitivity analysis of key input parameters. Overall, the results 531 
from the OBSDM highlight its effectiveness as a tool to identify the most appropriate biogas system 532 
design based on the context and priorities of an intended user.  533 
References 534 
[1] B. Amigun, W. Parawira, J.K. Musango, A.O. Aboyade, A.S. Badmos, Anaerobic biogas generation 535 
for rural area energy provision in Africa, in: D.S. Kumar (Ed.) Biogas, InTech, 2012. 536 
[2] J. Smith, A. Abegaz, R.B. Matthews, M. Subedi, E.R. Orskov, V. Tumwesige, P. Smith, What is the 537 
potential for biogas digesters to improve soil fertility and crop production in Sub-Saharan Africa?, 538 
Biomass Bioenerg 70 (2014) 58-72. 539 
[3] Biogas for Better Life, Biogas for better life: An African initiative, Technologies for Economic 540 
Development, 2007. 541 
[4] G.V. Rupf, P.A. Bahri, K. de Boer, M.P. McHenry, Broadening the potential of biogas in Sub-542 
Saharan Africa: An assessment of feasible technologies and feedstocks, Renew Sustain Energy Rev 61 543 
(2016) 556-571. 544 
[5] G. Austin, G. Morris, Biogas production in Africa, Bioenergy for sustainable development in Africa, 545 
Springer Science+Business Media B.V., Dordrecht, The Netherlands, 2012, pp. 103-115. 546 
[6] J.U. Smith, A. Apsley, L. Avery, E. Baggs, B. Balana, K. Bechtel, G. Davidson, K. Glenk, L. Harroff, R. 547 
Matthews, K. Moris, N. Morley, J. Mugisha, C.B. Niwagaba, R.E. Orskov, E. Sabiiti, S. Semple, N. 548 
Strachan, M. Subedi, S. Swaib, J.B. Tumuhairwe, V. Tumwesige, P. Walekhwa, K. Yongabi, The 549 
potential of small-scale biogas digesters to improve livelihoods and long term sustainability of 550 
ecosystem services in Sub-Saharan Africa: Final report. University of Aberdeen, Makerere University, 551 
James Hutton Institute, Scottish Agricultural College, Green Heat Uganda, Phytobiotechnology 552 















[7] G.V. Rupf, P.A. Bahri, K. de Boer, M.P. McHenry, Barriers and opportunities of biogas 554 
dissemination in Sub-Saharan Africa and lessons learned from Rwanda, Tanzania, China, India, and 555 
Nepal, Renew Sustain Energy Rev 52 (2015) 468-476. 556 
[8] J. Mwirigi, B.B. Balana, J. Mugisha, P. Walekhwa, R. Melamu, S. Nakami, P. Makenzi, Socio-557 
economic hurdles to widespread adoption of small-scale biogas digesters in Sub-Saharan Africa: A 558 
review, Biomass Bioenerg 70 (2014) 17-25. 559 
[9] W. Parawira, Biogas technology in sub-Saharan Africa: Status, prospects and constraints, Rev 560 
Environ Sci Biotechnol 8(2) (2009) 187-200. 561 
[10] N. Schlag, F. Zuzarte, Market barriers to clean cooking fuels in sub-Saharan Africa: A review of 562 
literature, Stockholm Environment Institute, Stockholm  (2008). 563 
[11] C. Mulinda, Q. Hu, K. Pan, Dissemination and Problems of African Biogas Technology, Energy 564 
Power Eng 5(8) (2013) 506-512. 565 
[12] D. Deublein, A. Steinhauser, Biogas from waste and renewable resources: an introduction, 2nd 566 
rev. and expanded ed., Wiley-VCH Verlag, Weinheim, Germany, 2011. 567 
[13] M. Persson, Biogas upgrading and utilization as vehicle fuel. Swedish Gas Center, 2007. 568 
[14] S. Karekezi, Renewables in Africa—meeting the energy needs of the poor, Energy Policy 30(11–569 
12) (2002) 1059-1069. 570 
[15] J.F.K. Akinbami, M.O. Ilori, T.O. Oyebisi, I.O. Akinwumi, O. Adeoti, Biogas energy use in Nigeria: 571 
Current status, future prospects and policy implications, Renew Sustain Energy Rev 5(1) (2001) 97-572 
112. 573 
[16] M. Landi, B.K. Sovacool, J. Eidsness, Cooking with gas: Policy lessons from Rwanda's National 574 
Domestic Biogas Program (NDBP), Energy Sustain Dev 17(4) (2013) 347-356. 575 
[17] G. Austin, M. Cocchi, T. Dafrallah, R. Diaz-Chavez, V. Dornburg, M. Hoffman, F. Johnson, F. 576 
Mutimba, S. Munyinda, J. Robinson, S. Senechal, A. Stepniczka, F.D. Yamba, W. Wiskerke, 577 
Traditional, improved and modern bioenergy systems for semi-arid and arid Africa. European 578 
Commission in the 6th Framework Programme –Specific Measures in Support of International 579 
Cooperation, Utrecht, The Netherlands, 2009 March. 580 
[18] E.C. Bensah, A. Brew-Hammond, Biogas technology dissemination in Ghana: History, current 581 
status, future prospects, and policy significance, Int J Energy Environ 1(2) (2010) 277-294. 582 
[19] A.P. Moshi, S.G. Temu, I.A. Nges, G. Malmo, K.M.M. Hosea, E. Elisante, B. Mattiasson, Combined 583 
production of bioethanol and biogas from peels of wild cassava Manihot glaziovii, Chemical 584 
Engineering Journal 279 (2015) 297-306. 585 
[20] U. Daniel, K.H. Pasch, G.S. Nayina, Biogas in Ghana: Sub-sector analysis of potential and 586 
framework conditions. Deutsche Gesellschaft für Internationale Zusammenarbeit (GIZ), German 587 















[21] D.M. Doya, Africa's first grid-linked biogas plant starts running in Kenya; firm plans Ghana 589 
project too. <http://mgafrica.com/article/2015-08-22-africas-first-grid-linked-biogas-plant-starts-590 
running-in-kenya-firm-plans-ghana-project-too>, 2015 (accessed 25.09.2015). 591 
[22] A. Simet, Largest-grid connected African biogas plant comes online. 592 
<http://biomassmagazine.com/articles/12340/largest-grid-connected-african-biogas-plant-comes-593 
online>, 2015 (accessed 25.09.2015). 594 
[23] United Nations Framework Convention on Climate Change (UNFCCC), Cows to Kilowatts: 595 
Anaerobic bio-digestion of abattoir waste generates zero emission and creates sustainable bio-596 
energy and bio-fertiliser in Africa. 597 
<http://unfccc.int/secretariat/momentum_for_change/items/7140.php>, 2003 (accessed 598 
11.04.2014). 599 
[24] B. Kawuma, New biogas plant improves waste management in Kampala pig abattoir. 600 
<http://livestockfish.cgiar.org/2015/03/10/biogas-kampala/>, 2015 (accessed 25.09.2015). 601 
[25] Embassy of Finland, Exciting times at Bronkhorstspruit waste to energy biogas project. 602 
<http://www.finland.org.za/public/default.aspx?contentid=326497&nodeid=36354&culture=en-603 
US>, 2015 (accessed 11.09.2015). 604 
[26] M. Garfí, L. Ferrer-Martí, E. Velo, I. Ferrer, Evaluating benefits of low-cost household digesters 605 
for rural Andean communities, Renew Sustain Energy Rev 16(1) (2012) 575-581. 606 
[27] W. Kossmann, U. Pönits, S. Habermehl, T. Hoerz, P. Krämer, B. Klingler, C. Kellner, T. Wittur, A. 607 
Klopotek, A. Krieg, H. Euler, Biogas basics. Information and Advisory Service on Appropriate 608 
Technology (ISAT), Deutsche Gesellschaft für Technische Zusammenarbeit (GTZ), 1997. 609 
[28] M. Kranert, S. Kusch, J. Huang, K. Fischer, Anaerobic digestion of waste, in: A. Karagiannidis 610 
(Ed.), Waste to Energy: opportunities and challenges for developing and transition economies, 611 
Springer-Verlag, London, 2012, pp. 107-135. 612 
[29] W. Kossmann, U. Pönits, S. Habermehl, T. Hoerz, P. Krämer, B. Klingler, C. Kellner, T. Wittur, A. 613 
Klopotek, A. Krieg, H. Euler, Biogas - Application and product development. Information and Advisory 614 
Service on Appropriate Technology (ISAT), Deutsche Gesellschaft für Technische Zusammenarbeit 615 
(GTZ), 1998. 616 
[30] S. Luostarinen, A. Normak, M. Edström, Overview of biogas technology. Baltic Forum for 617 
Innovative Technologies for Sustainable Manure Management, European Union - European Regional 618 
Development Fund, 2011. 619 
[31] A.M. Mshandete, W. Parawira, Biogas: Sustainable renewable energy of today and the future 620 
for Africa, Annals of arid zone 49(3&4) (2010) 217-239. 621 
[32] B. Amigun, H. von Blottnitz, Capacity-cost and location-cost analyses for biogas plants in Africa, 622 
Resour Conserv Recycl 55(1) (2010) 63-73. 623 
[33] A.M. Mshandete, W. Parawira, Biogas technology research in selected sub-Saharan African 624 















[34] Africa Biogas Partnership Programme, About ABPP. <http://africabiogas.org/africa-biogas-626 
partnership-programme/>, (accessed 08.03.2016). 627 
[35] R. Matthews, M. Subedi, J. Smith, K. Yongabi, L. Avery, N. Strachan, S. Semple, Environmental 628 
issues, in: J.U. Smith, B.B. Balana, H. Black, H. von Blottnitz, E. Casson, K. Glenk, S. Langan, R. 629 
Matthews, J. Mugisha, P. Smith, P.N. Walekhwa, K.A. Yongabi (Eds.), The potential of small-scale 630 
biogas digesters to alleviate poverty and improve long term sustainability of ecosystem services in 631 
Sub-Saharan Africa, UK Department of International Development (DFID)2011, pp. 16-22. 632 
[36] M. Iiyama, Charcoal: A driver of dryland forest degradation in Africa? 633 
<http://blog.worldagroforestry.org/wp-content/uploads/2013/10/CharcoalFactSheet-ICRAF.pdf>, 634 
2013 (accessed 07.11.2013). 635 
[37] C. May-Tobin, Chapter 8: Wood for fuel. Union of Concerned Scientists, T.F.a.C. Initative, 2011 636 
June. 637 
[38] O. Davidson, K. Halsnæs, S. Huq, M. Kok, B. Metz, Y. Sokona, J. Verhagen, The development and 638 
climate nexus: The case of sub-Saharan Africa, Clim Policy 3(sup1) (2003) S97-S113. 639 
[39] V. Tumwesige, E. Casson, G. Davidson, J. Smith, Extension Issues, in: J.U. Smith, B.B. Balana, H. 640 
Black, H. von Blottnitz, E. Casson, K. Glenk, S. Langan, R. Matthews, J. Mugisha, P. Smith, P.N. 641 
Walekhwa, K.A. Yongabi (Eds.), The Potential of Small-Scale Biogas Digesters to Alleviate Poverty and 642 
Improve Long Term Sustainability of Ecosystem Services in Sub-Saharan Africa, Department of 643 
International Development, UK2011, pp. 22-23. 644 
[40] United Nations Department of Economic and Social Affairs (UN DESA), International Decade for 645 
Action 'Water for Life' 2005-2015: Africa. <http://www.un.org/waterforlifedecade/africa.shtml>, 646 
2014 (accessed 01.04.2015). 647 
[41] S. Karellas, I. Boukis, G. Kontopoulos, Development of an investment decision tool for biogas 648 
production from agricultural waste, Renew Sustain Energy Rev 14(4) (2010) 1273-1282. 649 
[42] Renewable Energy Concepts, Biogas calculator. <http://www.renewable-energy-650 
concepts.com/biomass-bioenergy/biogas-basics/biogas-calculator.html>, (accessed 11.03.2016). 651 
[43] Bayerische Landesanstalt für Landwirtschaft, Biogasausbeuten verschiedener Substrate. 652 
<http://www.lfl.bayern.de/iba/energie/049711/index.php>, (accessed 11.03.2016). 653 
[44] Kuratorium für Technik und Bauwesen in der Landwirtschaft (KTBL), Wirtschaftlichkeitsrechner 654 
Biogas. <http://daten.ktbl.de/biogas/navigation.do?selectedAction=Startseite#start>, 2016 655 
(accessed 11.03.2016). 656 
[45] A. Bilek, Data and tools to better evaluate biogas potential. 657 
<http://biomassmagazine.com/articles/11469/data-and-tools-to-better-evaluate-biogas-potential>, 658 
2015 (accessed 08.12.2015). 659 
[46] United States Department of Agriculture (USDA), Biogas/Anaerobic digesters calculator. 660 















[47] EcoEngineers, Iowa Biogas Assessment Model (IBAM). <http://www.ecoengineers.us/ibam/>, 662 
(accessed 11.03.2016). 663 
[48] B. Li, M.M. Wright, S. Thol, S. Menon, Iowa Biogas Assessment Model background material. 664 
Iowa State University, EcoEngineers. 665 
[49] Alternative Energy Promotion Center (AEPC) Nepal, Biogas calculation tool: User's guide. AEPC, 666 
Ministry of Science, Technology and Environment, Government of Nepal, Lalitpur Sub Metropolitan 667 
City, Nepal, 2014 June. 668 
[50] U. Werner, U. Stöhr, N. Hees, Biogas plants in animal husbandry. Deutsches Zentrum für 669 
Entwicklungstechnologien-GATE, Deustche Gesellschaft für Technische Zusammenarbeit (GTZ) 1989. 670 
[51] V. Tumwesige, D. Fulford, G.C. Davidson, Biogas appliances in Sub-Sahara Africa, Biomass 671 
Bioenerg 70 (2014) 40-50. 672 
[52] Swiss Federal Institute of Aquatic Science and Technology (Eawag), N. Sacher, M.I.R. Dumlao, R. 673 
Gensch, Direct use of biogas. <http://www.sswm.info/category/implementation-tools/reuse-and-674 
recharge/hardware/energy-products-sludge/direct-use-biogas>, 2014 (accessed 04.09.2014). 675 
[53] D. Fulford, Biogas stove design: A short course, Kingdom Bioenergy Ltd, University of Reading, 676 
UK, 1996. 677 
[54] K. Rajendran, S. Aslanzadeh, M.J. Taherzadeh, Household biogas digesters — A review, Energies 678 
5(8) (2012) 2911-2942. 679 
[55] S. Pipatmanomai, S. Kaewluan, T. Vitidsant, Economic assessment of biogas-to-electricity 680 
generation system with H2S removal by activated carbon in small pig farm, Appl Energy 86(5) (2009) 681 
669-674. 682 
[56] R.J. Ciotola, S. Lansing, J.F. Martin, Emergy analysis of biogas production and electricity 683 
generation from small-scale agricultural digesters, Ecol Eng 37(11) (2011) 1681-1691. 684 
[57] J. Viquez Arias, Case Study: Technical and economic feasibility of electricity generation with 685 
biogas in Costa Rica. Dos Pinos Dairy Farmers Cooperative, E.A. Program, 2009. 686 
[58] J. Lam, F. ter Heegde, Domestic biogas compact course: Technology and mass dissemination 687 
experiences from Asia, Postgraduate Programme Renewable Energy, University of Oldenburg, 2011. 688 
[59] S.C. Bhattacharya, D.O. Albina, P. Abdul Salam, Emission factors of wood and charcoal-fired 689 
cookstoves, Biomass Bioenerg 23(6) (2002) 453-469. 690 
[60] S. Sepp, Multiple-Household Fuel Use - a balanced choice between firewood, charcoal and LPG. 691 
Deutsche Gesellschaft für Internationale Zusammenarbeit (GIZ) GmbH, Federal Ministry for 692 
Economic Cooperation and Development (BMZ), Eschborn, Germany, 2014 February. 693 
[61] S. Bruun, L.S. Jensen, V.T. Khanh Vu, S. Sommer, Small-scale household biogas digesters: An 694 
option for global warming mitigation or a potential climate bomb?, Renew Sustain Energy Rev 33 695 















[62] P. McKendry, Energy production from biomass (part 1): Overview of biomass, Bioresource 697 
Technol 83(1) (2002) 37-46. 698 
[63] P. McKendry, Energy production from biomass (part 2): Conversion technologies, Bioresource 699 
Technol 83(1) (2002) 47-54. 700 
[64] B. Jenkins, Properties of biomass - Appendix to biomass energy fundamentals, EPRI Report TR-701 
102107. 1993 January. 702 
[65] J. Zhang, K.R. Smith, Y. Ma, S. Ye, F. Jiang, W. Qi, P. Liu, M.A.K. Khalil, R.A. Rasmussen, S.A. 703 
Thorneloe, Greenhouse gases and other airborne pollutants from household stoves in China: A 704 
database for emission factors, Atmos Environ 34(26) (2000) 4537-4549. 705 
[66] S. Seyoum, The economics of a biogas digestor. International Livestock Centre (ILCA), Addis 706 
Ababa, Ethiopia, 1988. 707 
[67] K.R. Smith, R. Uma, V.V.N. Kishore, J. Zhang, V. Joshi, M.A.K. Khalil, Greenhouse implications of 708 
household stoves: An analysis for India, Annu Rev Energy Environ 25(1) (2000) 741-763. 709 
[68] International Energy Agency (IEA), Energy balances of non-OECD countries 2014 edition: 710 
Documentation for Beyond 2020 files. 2014. 711 
[69] International Energy Agency (IEA), Chapter 18: Measuring progress towards energy for all - 712 
Power to the people? OECD/IEA, Paris, France, 2012. 713 
[70] B. Houshyani, J. Hoogzaad, A. Korthuis, C. Guerrero, F. Nagabo, A. Tas, Standardized baseline 714 
assessment for rural off-grid-electrification in Sub-Saharan Africa: A standardization tool to 715 
streamline and simplify the CDM project cycle. United Nations Development Programme, Addis 716 
Ababa, Ethiopia, 2013 November. 717 
[71] Y. Vögeli, C. Lohri, A. Gallardo, S. Diener, C. Zurbrügg, Anaerobic digestion of biowaste in 718 
developing countries: Practical information and case studies. Swiss Federal Institute of Aquatic 719 
Science and Technology (Eawag), Dübendorf, Switzerland, 2014. 720 
[72] F.A. Batzias, D.K. Sidiras, E.K. Spyrou, Evaluating livestock manures for biogas production: A GIS 721 
based method, Renew Energy 30(8) (2005) 1161-1176. 722 
[73] J. Mata-Alvarez, S. Macé, P. Llabrés, Anaerobic digestion of organic solid wastes. An overview of 723 
research achievements and perspectives, Bioresource Technol 74(1) (2000) 3-16. 724 
[74] I. Angelidaki, L. Ellegaard, Codigestion of manure and organic wastes in centralized biogas 725 
plants, Appl Biochem Biotechnol 109(1-3) (2003) 95-105. 726 
[75] A. Adebayo, S. Jekayinfa, B. Linke, Anaerobic co-digestion of cattle surry with maize stalk at 727 
mesophilic temperature, Am J Eng Res 3(1) (2014) 80-88. 728 
[76] C.R. Lohri, L. Rodić, C. Zurbrügg, Feasibility assessessment tool for urban anaerobic digestion in 729 
developing countries: Complete tool and user manual, Swiss Federal Institute of Aquatic Science and 730 















Wageningen University Sub-Department of Environmental Technology, Dübendorf, Switzerland, 732 
2013. 733 
[77] C.E. Manyi-Loh, S.N. Mamphweli, E.L. Meyer, A.I. Okoh, G. Makaka, M. Simon, Investigation into 734 
the biogas production potential of dairy cattle manure, Journal of Clean Energy Technologies 3(5) 735 
(2015). 736 
[78] Energie Technologie Initiative (ETI) Brandenburg, Biogas tool ETI Brandenburg (Microsoft Excel 737 
97-2003 Workbook), ETI Brandenburg, Berlin, Germany, 2007. 738 
[79] F. ter Heegde, Domestic biogas plants: Sizes and dimensions. The Netherlands Development 739 
Organisation (SNV), 2010 January. 740 
[80] The Netherlands Development Organisation (SNV), Reader for the compact course on domestic 741 
biogas technology and mass dissemination. University of Oldenburg Department of Physics, SNV, 742 
Oldenburg, Germany, 2015. 743 
[81] Tanzania Domestic Biogas Programme (TDBP), TDBP MCD - SSB Plant Model: research on the 744 
operation and performance of the MCD - 9 m3  solid state plant. TDBP, Tanzania, 2012 January. 745 
[82] P.C. Ghimire, Training of trainers (TOT) on construction and supervision of SINIDU model biogas 746 
plant for Ethiopia: Trainee's manual. Netherlands Development Organisation (SNV), Ethiopian Rural 747 
Energy Development and Promotion Centre (EREDPC), Renewable energy: domestic biogas, The 748 
Hague, The Netherlands, 2008 May. 749 
[83] P.A. Ukpai, M.N. Nnabuchi, Comparative study of biogas production from cow dung, cow pea 750 
and cassava peeling using 45 litres biogas digester, Advances in Applied Science Research 3(3) (2012) 751 
1864-1869. 752 
[84] A. Daisy, S. Kamaraj, The impact and treatment of night soil in anaerobic digester: A review, 753 
Journal of Microbial and Biochemical Technology 3(3) (2011) 43-50. 754 
[85] C. Müller, Decentralised co-digestion of faecal sludge with organic solid waste. Technologies for 755 
Economic Development (TED), Lesotho; Bremen Overseas Research and Development Association 756 
(Borda), Germany; Swiss Federal Institute of Aquatic Science and Technology (Eawag), Switzerland; 757 
Department of Water and Sanitation in Developing Countries (Sandec), 2009 11. May 2009. 758 
[86] P. Panichnumsin, A. Nopharatana, B. Ahring, P. Chaiprasert, Production of methane by co-759 
digestion of cassava pulp with various concentrations of pig manure, Biomass Bioenerg 34(8) (2010) 760 
1117-1124. 761 
[87] R. Steffen, O. Szolar, R. Braun, Feedstocks for anaerobic digestion. Institute for 762 
Agrobiotechnology, Tulln University of Agricultural Sciences, Vienna, Austria, 1998. 763 
[88] C.R. Lohri, L. Rodić, C. Zurbrügg, Feasibility assessment tool for urban anaerobic digestion in 764 















[89] C. Lohri, Research on anaerobic digestion of organic solid waste at household level in Dar es 766 
Salaam, Tanzania, Zurich University of Applied Sciences (ZHAW), Swiss Federal Institute of Aquatic 767 
Science and Technology (Eawag), 2009. 768 
[90] P. Sosnowski, A. Wieczorek, S. Ledakowicz, Anaerobic co-digestion of sewage sludge and organic 769 
fraction of municipal solid wastes, Advances in Environmental Research 7(3) (2003) 609-616. 770 
[91] Y. Li, S.Y. Park, J. Zhu, Solid-state anaerobic digestion for methane production from organic 771 
waste, Renew Sustain Energy Rev 15(1) (2011) 821-826. 772 
[92] Å. Davidsson, C. Gruvberger, T.H. Christensen, T.L. Hansen, J.L.C. Jansen, Methane yield in 773 
source-sorted organic fraction of municipal solid waste, Waste Manag 27(3) (2007) 406-414. 774 
[93] Y. Vögeli, C. Lohri, G. Kassenga, U. Baier, C. Zurbrügg, Technical and biological performance of 775 
the ARTI compact biogas plant for kitchen waste -Case study from Tanzania, Twelfth International 776 
Waste Management and Landfill Symposium, Swiss Federal Institute of Aquatic Science and 777 
Technology (Eawag), Santa Margherita di Pula, Italy, 2009, pp. 1-9. 778 
[94] L. Appels, J. Baeyens, J. Degrève, R. Dewil, Principles and potential of the anaerobic digestion of 779 
waste-activated sludge, Prog Energy Combust Sci 34(6) (2008) 755-781. 780 
[95] R. Mattocks, Understanding biogas generation, Technical Paper No. 4. Volunteers in Technical 781 
Assistance, Virginia, USA, 1984. 782 
[96] P. Weiland, Biogas production: Current state and perspectives, Appl Microbiol Biotechnol 85(4) 783 
(2010) 849-860. 784 
[97] R. Isaacson, Anaerobic Digestion, in: R. Isaacson (Ed.), Methane from community wastes, 785 
Elsevier Science Publishers, New York, USA, London, UK, 1991, pp. 53-59. 786 
[98] IUSS Working Group WRB, World Reference Base for Soil Resources 2014: International soil 787 
classification system for naming soils and creating legends for soil maps. Food and Agricultural 788 
Organisation (FAO), Rome, Italy, 2014. 789 
[99] A. Jalloh, E.R. Rhodes, I. Kollo, H. Roy-Macauley, P. Sereme, Nature and management of the soils 790 
in West and Central Africa: A review to inform farming systems research and development in the 791 
region. Counseil Ouest et Centre Africain pour la Recherche et le Development Agricoles/West and 792 
Central African Council for Agricultural Research and Development (CORAF/WECARD), Dakar, 793 
Senegal, 2011. 794 
[100] D.P. Chynoweth, Anaerobic digestion development, in: R. Isaacson (Ed.), Methane from 795 
community wastes, Elsevier Science Publishers, London, United Kingdom, 1991, pp. 113-132. 796 
[101] Y.R. Chen, A.G. Hashimoto, Kinetics of methane fermentation, Symposium on biotechnology in 797 
energy production, U.S. Meat Animal Research Centre, Science and Education Administration, Clay 798 
Center, U.S. Department of Agirculture, Gatlinburg, TN, USA, 1978, p. 25. 799 
[102] L.M. Safley Jr, P.W. Westerman, Psychrophilic anaerobic digestion of animal manure: Proposed 800 















[103] F. ter Heegde, K. Sonder, Domestic biogas in Africa; a first assessment of the potential and 802 
need. Biogas Practice Team, SNV -the Netherlands Development Organisation, International Institute 803 
of Tropical Agriculture, Nigeria, 2007. 804 
[104] A.G. Hashimoto, Methane from cattle waste: Effects of temperature, hydraulic retention time, 805 
and influent substrate concentration on kinetic parameter (K), Biotechnology and Bioengineering 806 
24(9) (1982) 2039-2052. 807 
[105] A.G. Hashimoto, Methane from swine manure: Effect of temperature and influent substrate 808 
concentration on kinetic parameter (K), Agric Waste 9(4) (1984) 299-308. 809 
[106] Y. Abarghaz, M. Mahi, C. Werner, N. Bendaou, M. Fekhaoui, Evaluation of formulas to calculate 810 
biogas production under Moroccan conditions, Sustainable Sanitation Practice - Biogas Systems (9) 811 
(2011) 18-23. 812 
[107] J.-J. Wang, Y.-Y. Jing, C.-F. Zhang, J.-H. Zhao, Review on multi-criteria decision analysis aid in 813 
sustainable energy decision-making, Renew Sustain Energy Rev 13(9) (2009) 2263-2278. 814 
[108] Y. Chen, K.W. Li, S. Liu, An OWA-TOPSIS method for multiple criteria decision analysis, Expert 815 
systems with applications 38(5) (2011) 5205-5211. 816 
[109] COVARD Consultants, Kenya domestic biogas user survey 2014. Kenya National Domestic 817 
Biogas Programme (KENDBIP), Kenya, 2014 August. 818 
[110] V. Tumwesige, J. Smith, S. Semple, N. Merigi, E. Pedie, T. Tame, J. Harnmeijer, Impact of biogas 819 
digesters on energy, water and labour requirements and indoor air quality in rural households in 820 
Cameroon. University of Aberdeen (UK), Wageningen Agricultural University (NL), SNV Cameroon, 821 
Statistics department (Cameroon), James Hutton Institute (UK), Aberdeen, United Kingdom, 2015. 822 
[111] E. Pédié, Case Study 84: Implication of multi-actors in the development of domestic biogas in 823 
Cameroon. The Netherlands Developement Organisation (SNV), 2010. 824 
[112] J. Davis, B. Crow, J. Miles, Measuring water collection times in Kenyan informal settlements, 825 
Proceedings of the Fifth International Conference on Information and Communication Technologies 826 
and Development, ACM, Atlanta, Georgia, USA, 2012, pp. 114-121. 827 
[113] Weatherbase, Weather averages. 828 
<http://www.weatherbase.com/weather/country.php3?r=AFR&regionname=Africa>, 2016 829 
(accessed 23.02.2016). 830 
[114] A. Mumma, M. Lane, E. Kairu, A. Tuinhof, R. Hirji, Kenya groundwater governance case study. 831 
International Bank for Reconstruction and Development/The World Bank, Transport Water and ICT 832 
Department, Washington D.C., USA, 2011 June. 833 
[115] A.B. Orodho, Country Pasture/Forage Resource Profiles: Kenya. 834 















[116] Presidential Strategic Communications Unit (PSCU), President Uhuru Kenyatta orders fertiliser 836 
prices lowered. <http://www.standardmedia.co.ke/article/2000104942/president-uhuru-kenyatta-837 
orders-fertiliser-prices-lowered>, 2014 (accessed 30.05.2016). 838 
[117] VIMTA Labs Ltd (India), Rainbow Environment Consult (Cameroon), Executive Summary. 839 
Cameroon Alumina Ltd, 2010. 840 
[118] E.T. Pamo, Country pasture/forage resource profiles - Cameroon. Food and Agriculture 841 
Organization of the United Nations (FAO), Rome, Italy, 2008. 842 
[119] C. Kacho Tah, K.A. Ngwa, Biogas Production: Impact on Farmers’ Incomes, International 843 
Research Journal of Emerging Trends in Multidisciplinary 1(10) (2015) 199-210. 844 
[120] L. Nyatcha, Cameroon: Farmers find manure a good substitute for expensive chemical 845 
fertilizers. <http://wire.barza.fm/en/farmer-stories/2008/07/1-cameroon-farmers-find-manure-a-846 
good-substitute-for-expensive-chemical-fertilizers-by-lilianne-nyatcha-for-farm-radio-weekly-in-847 
douala-cameroon-9499>, 2008 (accessed 31.05.2016). 848 
[121] Africa Biogas Partnership Programme, 10,000 biogas digesters in Kenya. 849 
<http://www.africabiogas.org/blog/abpp-news/10000-biogas-digesters-in-kenya/>, 2013 (accessed 850 
29.05.2016). 851 
[122] Kenya National Domestic Biogas Programme (KENDBIP), Kenya National Federation of 852 
Agricultural Producers (KENFAP), KENBIM Domestic Biogas Construction Training. KENDBIP, KENFAP, 853 
Kenya, 2009. 854 
[123] The Netherlands Development Organisation (SNV), Domestic Biogas Newsletter - Issue 6. SNV, 855 
2012 March. 856 
[124] N. Merrigi, A.L. Harnmeijer, Subsidisation, affordability and technology diffiusion: demand-857 
drivenbiogas deployment in Adamawa, Cameroon. Development Economics Group, Wageningen 858 
University (The Netherlands); Scene Consulting (Scotland); Department of Forest Economics, 859 
University of Helsinki (Finland), 2016. 860 
[125] L. de Groot, A. Bogdanski, Bioslurry = brown gold? A review of scientific literature on the co-861 
product of biogas production, Food and Agriculture Organization of the United Nations (FAO), Rome, 862 
Italy, 2013. 863 
[126] L. Warnars, H. Oppenoorth, Bioslurry: A supreme fertiliser - A study on bioslurry results and 864 
uses. Hivos, 2014 March. 865 
[127] Development Assistance Committee of the Organisation for Economic Co-operation and 866 
Development, Net ODA received per capita (current US$). 867 















• Model enables holistic first assessment of biogas system designs in SSA 
• User-defined priorities of sustainability criteria help identify the optimal design 
• Tailoring designs to user context helps ensure sustainable and long term system use 
• Innovative designs minimising water use and costly materials are imperative for SSA 
